We have developed a method to calculate flow noninvasively in blood vessels using color Motion mode (M-mode) and computer postprocessing, The ve locity of each point in the cross-sectional area of the ves sel was found from the color M-mode recording by cor recting for angle both distances and velocities and by assuming a symmetrical circular velocity field, Volume flow was then found by integrating the velocity field at 5-ms intervals through the cardiac cycle. In a cardiovas cular hydromechanical model, a correlation of 0.99 and p value of <0. 00 1 were found between estimated and mea sured flow in the model (n = 8). In 20 healthy individuals,
The use of ultrasound in diagnosis is well estab lished in clinical practice. Doppler velocimetry, both in carotid and transcranial arteries, has been described (Aaslid et a!. , 1982 (Aaslid et a!. , , 1984 . However, the interpretation of velocities without knowledge of the vessel diameter raises doubt about using veloc ities as a clinical parameter for flow. Volume flow algorithms based on pulsed Doppler and vessel di ameter measurements assume flat velocity profiles over the vessel cross section, By using color Doppler technique, the actual di ameter and velocity profile can be measured simul taneously, and more accurate volume flow can be calculated regardless of the velocity profile shape. The traditional pulsed Doppler determines the ve locity curve in one point, while velocities in several we made 31 investigations in the common carotid (CCA), internal carotid (rCA), and external carotid (ECA) artery, comparing flow in the CCA with the added flow in the rCA and ECA. The values (CCA versus rCA + ECA) correlated with r = 0.91 and p < 0.01. Repeated investi gations (n = 8) in one individual gave flow estimates of 495 ± 50 mllmin in the CCA, 304 ± 45 mllmin in the ICA, and 165 ± 37 mllmin in the ECA (means ± SD). This article shows that this system can make accurate estima tion of blood flow to the brain noninvasively. Key Words: Doppler tlowmetry-Motion-mode-U1trasound imag ing.
points along the ultrasound beam are determined using the multigated Doppler. Two-dimensional color Doppler displays several points in the two dimensional sector, but with poor time resolution.
A relatively new concept is the color Motion mode (M-mode), where the principles of color flow analysis utilize several lines of transmission with multiple sample sites along each line (Fish, 1975; Brandestini et aI. , 1979) . This multigated pulsed Doppler allows spatial orientation of flow and gives the instantaneous velocity profile along the ultra sonic beam, provided that the angle between the flow direction and ultrasound beam is known. The purpose of this study was to determine the validity and accuracy of a flow estimation method based on color M-mode data using an experimental hydrome chanical cardiovascular model and clinical carotid investigations in human volunteers.
METHODS

Color M-mode method
The ultrasound data were transferred to a Macintosh II computer for postprocessing. The method records the ve locity profile along a line through the vessel. The vessel border is defined by the M-mode image, assuming circu lar symmetry of the velocity field. The velocity of each point (depth increment 0.38 mm) in the cross-sectional area is found in the color M-mode recording by correcting both distances and velocities according to the angle be tween the vessel and ultrasound beam. The heart cycles were marked with computer tracers. In the experimental model, three heart cycles was used; in the human inves tigations, we used one heart cycle. The vessel diameter was measured by tracing the inner border of the vessel on the M-mode picture. The program Flow CM-mode was then applied. The measured angle was put in as a param eter. The color M-mode velocities were then computed with a program that integrates the cross-sectional veloc ity, assuming a circular symmetric field, at 5-ms incre ments through the cardiac cycle. Blood flow was ex pressed in units of milliliters per millimeter.
Hydromechanical simulator
A cardiovascular hydromechanical simulator driven by an electropneumatic unit was used (Sl�rdahl et aI., 1990) . The simulator consisted of an "atrium," a "ventricle," two "valves" (aortic and mitral), elastic tubes represent ing the aorta, carotid, renal, and femoral arteries, and a delay tube ("veins"). The elastic parts of the simulator were made of silicone rubber. The delay tube and the atrium were made of plastic. Cardiac output was mea sured by a Pi tot device positioned between the delay tube and the atrium and was accurate to ±O.l Llmin between 2.0 and 7.0 Llmin.
Before the experiment, we adjusted maximum ventric ular pressure, the duration of systole, the rates of pres sure increase and decrease, and the duration of diastole. The model was filled with 5 L of water and glycerol (27% glycerol in final solution), and Sephadex particles (20-50 IJ.m; Sephadex G-25/Superfines, Pharmacia Fine Chemi cals, Uppsala, Sweden) were added to increase the re flected ultrasound signals. To stimulate changes in pe ripheral resistance and to vary cardiac output, we placed various resistances at the outlets of the elastic tubes.
Measurements were performed in the descending aorta of the model (diameter 2.3-2.5 cm). Color M-mode re cordings were obtained with a CFM-750 (Vingmed, Horten, Norway). The transducer (7.5 MHz) was posi tioned at a fixed angle of 47° along the vessel.
Human data
Twenty healthy individuals (23-73 years old) were in vestigated using the same color Doppler system (CFM-750). With the individuals in the supine position, the or dinary technique for carotid artery investigations was used. Each vessel was identified using a 7.5-MHz probe, the color flow technique, and Doppler. The angle be tween the vessel and the M-mode line was measured us ing the two-dimensional longitudinal vessel section and the angle correction facility on the CFM. The scanner was switched to the M-mode, obtaining the best possible signal. The image and data obtained through six to eight consecutive heart cycles were then transferred to a Mac intosh computer. This routine was applied to the common carotid (CCA), internal carotid (ICA), and external ca rotid (ECA) artery close to the bifurcation. Thirty-one separate investigations were performed on each vessel, for a total of 93 vessels. The calculated flow in the CCA was then compared with the added flow in the ICA and ECA on the assumption that these values should equal each other. One male subject, 25 years old, was investi gated with eight consecutive registrations from the CCA, lCA, and ECA.
Statistics
Data were evaluated using the Statworks program (Macintosh). Mean data are given with standard devia tions. Correlation was evaluated using the Spearman cor relation test.
RESULTS
There was excellent correlation between cardiac output measured with the Pitot device and from color M-mode (r = 0.99, p < 0.001) in the cardio vascular hydromechanical model (Fig. 1 ). Cardiac output was calculated in eight different hemody namic situations, varying from 1.8 to 8.1 Llmin. Mean deviation of estimated values compared with measured values was 18%. Comparing CCA flow to ICA plus ECA flow, we found a correlation r of 0.91 and p value of <0.001, as shown in Fig. 2 . The results obtained through repeated investiga tions on one individual for each vessel are summa rized in Table 1 . Mean flow in the CCA was 495 ± 50 ml/min (range 440-580 mllmin), in the ICA 304 ± 45 mllmin (range 230-350 ml/min), and in the ECA 165 ± 37 ml/min (range 90-200 ml/min).
DISCUSSION
This study demonstrates that volume flow can be calculated accurately from color M-mode in a car diovascular hydromechanical model and that it is possible to use this method to calculate flow in the carotid artery. We found a good correlation (r = 0.91, p < 0.001) between flow in the CCA and the combined flow in the ICA and ECA. Our data seem to be in good accordance with previous studies demonstrating that 12-15% of cardiac output goes to the brain (Kety and Schmidt, 1948) . Earlier re ports on flow measurement in the carotid arteries (Uematsu et aI., 1983) , cardiac output measurement (Magnin et aI., 1981) , and volume flow measure ment in the aorta (Eik-Nes et aI., 1980 Walter et aI., 1986) have shown varying inter-and intravar iability compared to gold standard flow, with a wide range of root mean square errors, from 9 to 10 1 % (Hoskins, 1990) .
One of the advantages of the M-mode method compared to the ordinary way of calculating blood flow from velocity measurements is that the diam eter of the vessels can be traced from the M-mode velocity picture without two-dimensional scanning. This mode has interesting possibilities in smaller vessels where diameter can be difficult to measure. We have also obtained good signals transcranially in individuals from the middle, anterior, and poste rior cerebral artery using the color M-mode (unpub lished observations with 3.5-MHz probe).
The color M-mode approach is extremely sensi tive to angle variation; e.g., at a flow value of 460 mllmin in the CCA, an error of 2° (from 56°) will change the flow value by 40 mi. The general relative error per degree will be sin B (2 + tg B) / B CO). Another crucial factor is the vessel diameter. If the vessel diameter is reduced by 1 mm, this results in an estimated flow variation in the CCA of 50 mIl min. The color M-mode approach demands an angle between 30 and 60° to obtain the best combination between Doppler velocimetry and vessel angle. Other factors that could influence our results are turbulence and profiles emerging from bended ves sels. Coexisting extracranial lesions may also limit the application of the method. The investigation procedure, with consecutive examination of the CCA, ICA, and ECA, introduces also a time delay, which could influence our findings, owing to phys iological variations.
An advantage in using color M-mode is that the velocity from several sites is used to calculate vol ume flow. In a 5-mm vessel, � 15 sampling sites will be obtained throughout the beam, which also define the flow profile in each situation. The more com monly accepted flow calculation method from ultra sound signals is to measure the cross section by two-dimensional image of the artery and then the mean velocity using Doppler measurements. A sim ple assumption is that the maximum velocity repre sents the mean velocity across the whole vessel, assuming that the vessel profile is flat. This will give an overestimation of flow, since the flow profile in some cases may be parabolic or may have a more complex shape. Measurement of carotid blood flow instead of ve locities can make it easier to understand physiolog ical changes and pathophysiologic characteristics in various situations causing cerebral ischemia. The noninvasive aspect of evaluating carotid blood flow is also an advantage, which allow better monitoring and surveillance ability performed bedside in the human patient. The traditional way of monitoring cerebral hemodynamics with ultrasound has been to use transcranial Doppler and carotid artery investi gations. The velocity measurements and interpreta tions of changes in these could in some situations give conflicting information (Kontos, 1989) . In a computer model of cerebral hemodynamics (Puc her and Auer, 1988) , it was shown that vasoconstriction in the middle cerebral artery up to a certain degree results in increasing velocities; further or more dif fuse vasoconstriction resulted in lower velocities. The additional use of the ICA velocities increases accuracy of the interpretation of trans cranial veloc ities (Lindegaard et aI., 1986 (Lindegaard et aI., , 1988 Grolimund and Seiler, 1988) in assessing cerebral hemodynamic changes.
In conclusion, the color M-mode approach and computer postprocessing in estimating blood flow rates from ultrasound signals seem to be accurate in our experimental model, and our clinical human in vestigations showed a good correlation between flow proximal and distal to the carotid bifurcation. The method is sensitive to angle variations, diame ter changes, and probe positioning. However, with skilled and experienced personnel performing the procedure, it is a promising noninvasive method to evaluate carotid and cerebral blood flow.
